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Abstract: The evolutionary success of (poly)ene isomerization paradigms in generating molecular diversity is
manifest throughout biosynthesis. Algorithms to relocate short n-systems, often against a thermochemical bias,
with simultaneous regio- and stereo-control are a feat of precision that remain challenging to translate to a
laboratory setting. The divergent biosynthesis of vitamin D and tachysterol from pre-vitamin D, leveraging
positional or geometric isomerization, is a powerful exemplar. Inspired by this venerable blueprint, a deconjugative
isomerization of borylated dienoates has been developed under the auspices of photochemical activation.
Alleviating ground-state thermochemical restrictions through light-induced reactivity enables facile bifurcation of
the diene and carbonyl chromophores: this occurs by a sequential geometric isomerization / [1,5]-hydrogen shift
sequence that emulates pre-vitamin D photobiology. Broad functional group tolerance is observed, allowing the
process to be leveraged in complex settings that would otherwise require multi-step approaches. It is envisaged
that the operationally simple, enabling nature of this strategy, coupled with the traceless nature of the boron
handle, will stimulate interest in poly(ene) relocation strategies and begin to reconcile the paucity of synthetic

methods with their ubiquity in biosynthesis.

Introduction: Poly(ene) relocation algorithms are foundational biosynthetic drivers of molecular complexity,
enabling short m-systems to be manipulated with iterative regio- and stereo-isomeric precision.! This triumph of
evolution in small molecule biosynthesis mitigates the potential ‘arithmetic demon’? arising from multiple product
formation as the m-system extends, thereby allowing subtle shunting of alkene units to occur in a
thermochemically independent manner (Scheme 1A). The latitude that this platform affords is manifest
throughout two-dimensional (bio)chemical space,® and it is often leveraged as a prelude to expedite diversity

generation in three-dimensional space through substrate pre-organization. This is a central tenent of Arigoni and
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Eschenmoser’s stereochemical interpretation of the isoprene rule,* which enables the structural repertoire of
higher terpenes to be rationalized at the structural level. Despite the expansiveness of (poly)ene relocation in
biology, emulating geometric® and positional isomerization,® often in a contra-thermodynamic direction, remains
a challenging frontier in a laboratory context.'®”® This is a consequence of the energetic proximities of competing
ground state process and the persistent threat posed by microscopic reversibility.” However, the synthetic value
of these redox-neutral processes, coupled with the renaissance of light-triggered transformations that drive
reactions out of equilibrium,® constitute powerful incentives for further investigation.

Inspired by the divergent reactivity of pre-vitamin D to generate vitamin D (via a thermal [1,7]-hydrogen shift) and
tachysterol (via Z to E isomerization) (Scheme 1B),'! it was envisaged that the key events underpinning the
photobiology might be translated to a laboratory setting to induce a deconjugative isomerization of dienoates. If
successful, this would enable the bifurcation of the diene and carbonyl chromophores, with a concomitant switch
in hybridization from Cqu(sp?) to Cu(sp?).

To explore the feasibility of this deconjugative process, truncated pre-vitamin D scaffolds were conceived with an
integrated B-boryl acrylate motif to regulate geometric photoisomerization (Scheme 1C). This laboratory has
recently harnessed light activation for the regio- and stereoselective geometric isomerization of borylated 1,3-
dienes® and the positional isomerization of cyclic enones.'®* Contra-thermodynamic isomerization of the boryl
acrylate subunit, resulting in a 90° rotation about the C(sp?)-B bond to enable a stabilizing no = ps interaction,***
would not only ensure directionality for the transformation, but provide a traceless handle for subsequent
stereospecific cross coupling.’® It was reasoned that the configurational inversion of the first alkene unit in the B-
ionyl framework,® would alleviate 1,3-allylic strain!” and thereby facilitate a [1,5]-hydrogen migration. Collectively,
these processes would partition the dienoate chromophore and generate a borylated diene in a manner that is

reminiscent of the final stage of vitamin D biosynthesis.
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Scheme 1. Motivation and conceptual framework.
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Confidence in this approach stemmed from a seminal study by Biichi and Yang, in which irradiation of B-ionone
was shown to induce partial isomerization through a [1,5]-hydrogen shift.2® More recently, Frederich and co-
workers have beautifully leveraged this process to achieve photoinduced polyene cyclization cascades to convert
B-ionyl derivatives into [4.4.1]-propellanes.’® However, a major limitation of this strategy is that the scope is

limited to styrenyl-based B-ionone derivatives that contain a gem-dimethyl functionality: deletion supresses
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reactivity. Consequently, the introduction of the boron group to simultaneously modulate the chromophore, and
act as a traceless steering group for conformational control, offers the opportunity to significantly broaden the
scope of deconjugative dienoate isomerization under operationally simple conditions.

To explore the working hypothesis described in Scheme 1C, substrate Z-1 was prepared via facile alkyne
hydroboration of the corresponding enyne (please see the Supporting Information). The deconjugative
isomerization of Z-1 to Z-2 by direct excitation was then explored at various wavelengths for 24 h in acetonitrile
under an argon atmosphere (Table 1). Initial experiments under irradiation at 402 and 369 nm furnished the
desired product Z-2 in 22% and 50% yields, respectively (entries 1-2). The cis-isomer E-1 was also detected in the
crude mixture suggesting that geometric isomerization precedes the [1,5]-hydrogen shift (Figure 1, top).
Gratifyingly, irradiation at 300 nm (performed in a Rayonet photoreactor) resulted in the highest yield of product
Z-2 (74%, entry 3). Reducing the reaction time to 1 h led to the formation of only traces of the desired isomer
(entry 4). Although several photosensitizers were evaluated, direct excitation proved to be more effective (please
see the Supporting Information).

Having identified the optimal wavelength for the title reaction, the impact of the reaction medium was explored
(entries 5-8). Although toluene, EtOAc and Me-THF did not lead to an improvement (entries 5-7), 1,4-dioxane
proved to be ideally suited (86%, entry 8). Control experiments were conducted to confirm the importance of light
irradiation as well as the need for dry, inert conditions (entries 9-11). It is interesting to note that the generation
of Z-2 is accompanied by a minor isomerization of the C1-C2 alkene, but under optimal conditions this could be
suppressed (entry 8). The configuration of Z-2 was unequivocally established by nOe analysis and single-crystal X-
ray diffraction (Figure 1, bottom; see the Supporting Information for more details). With optimal conditions having
been established, the scope and limitations of the transformation were investigated (Scheme 2).

Initially, the impact of modifying the cyclohexene ring adjacent to the alkenyl boron motif was explored. The
introduction of methyl or a gem-dimethyl groups on the ring proved unproblematic, and the target dienes Z-3 and
Z-4 were generated with high yields and selectivities. However, the formation of the gem-dimethyl derivative Z-4

required longer reaction times, presumably due to significant allylic strain.
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Table 1. Optimization of the deconjugative isomerization.
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O OEt O OEt
z-1 z-2 E-1
Entry A (nm) Solvent Yield of 2.2¢ Yield of E-1°
(12/1E)
1 402 MeCN 22% (>95/5) 10%
2¢ 369 MeCN 50% (>95/5) 20%
3 300° MeCN 74% (>95/5) 0%
4 300b< MeCN Traces 5%
5 300° Toluene 79% (92/8) 0%
6 300° EtOAc 58% (>95/5) 0%
7 300° Me-THF 57 (92/8) 0%
8 3000 1,4-Dioxane 86% (78%)9 (>95/5) 0%
9 No light 1,4-Dioxane 0% 0%
10 300p 1,4-Dioxane (undried) 7% /
11 300p 1,4-Dioxane (O, atm) 8% /

9Yields and E:Z ratios were determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. The Z:E assignment
of the alkene follows IUPAC nomenclature and reflects the priority C > B. » Reaction performed in a Rayonet photoreactor at 35 °C.
¢ Reaction performed for 1 h. @ Isolated yields given in parentheses.
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Figure 1. Crude *H NMR spectrum (400 MHz, CDCls) of the photo-reaction after 24 h at 402 nm (in red); Insert:
Crystal structure of compound Z-2 (CCDC 2467356)?! and nOe analysis (in blue).
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Oxygen- and nitrogen-containing heterocycles (e.g., Z-5 and Z-6) were well tolerated under the reaction
conditions, and medium rings proved to be highly compatible. Gratifyingly, Z-7 and Z-8 could be generated
efficiently (up to 1Z/1E >95:5) in just 8 h instead of 24 h. Despite the extended chromophore in the
dihydronaphthalene substrate, E-9 could be formed albeit with a lower selectivity (1£/1Z = 62:38). Pleasingly these
operationally simple conditions allowed more complex scaffolds to be modified such as the camphor derivative Z-
10 and the cholestenone derivative Z-11. Collectively, these examples (Z-2 to Z-11) demonstrate that the method
does not require the proximal gem-dimethyl group in the substrate. To further establish generality of substrate
scope, the methyl group of Z-1 was systematically replaced by other substituents. Gratifyingly, the introduction of
isopropyl and cyclohexyl substituents did not impact selectivity of the reaction (1Z/1E >95:5 for Z-12 and Z-13).
The introduction of simple alkyl chains was also well-tolerated (Z-14-16), but this led to the generation of C3—C4
isomers which were easily separable by column chromatography. Notably, the introduction of a bulky phthalimide
substituent (Z-17) ensured high levels of geometric control at both C1-C2 and C3—C4 following deconjugative
isomerization.

Variation of the ester moiety was generally very well tolerated (e.g., Z-18-22) and the introduction of more
complex scaffolds such as cholesterol, menthol and geraniol had no impact on the yield or selectivity of the
transformation (Z-23-25, up to 97% and 1Z/1E >95:5). The incorporation of a methyl group at the B-position of the
ester unit was unproblematic, furnishing the desired product Z-26 in high yield (1Z/1E >95:5). An interesting
observation resulted from the replacement of the BPin motif with a BMIDA, enabling compound Z-27 to be
generated in 80% yield with an excellent selectivity. In contrast to the BPin motif containing a vacant p-orbital that
can engage with the carbonyl oxygen to bias the geometric isomerization, the p-orbital in the BMIDA is occupied
(vide infra).

To interrogate the constituent events that enable this deconjugative isomerization of dienoates, a series of
mechanistic investigations were performed (Figure 2). Initially, the cis-isomer E-1 was independently prepared
(see Supporting Information),?° and the UV absorption spectra of the individual isomers (Z-1, E-1, and Z-2) were

recorded (Figure 2A).
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Scheme 2. Evaluation of substrate scope in the deconjugative isomerization of borylated dienoates.
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a Reaction conditions: Substrate (0.1 or 0.2 mmol), 1,4-dioxane (0.033 M), 300 nm irradiation using a Rayonet photoreactor at 35 °C, 24 h,
Ar atmosphere. Yields and E:Z ratios were determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. Isolated yields
given in parenthesis for the major isomer 1Z; ® Combined isolated yields given for the two isomers (1Z,3E and 17,3Z), see Supporting
Information for additional details; ¢ Isolated yield given for the isomer 12,

https://doi.org/10.26434/chemrxiv-2025-nImz9 ORCID: https://orcid.org/0000-0002-3153-6065 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2025-nlmz9
https://orcid.org/0000-0002-3153-6065
https://creativecommons.org/licenses/by-nc/4.0/

Both Z-1 and E-1 exhibit absorption bands around 300 nm, with E-1 displaying a notably enhanced
intensity. In contrast, the [1,5]-adduct Z-2 displayed no significant absorption in this region, thereby
preventing re-excitation and leading to accumulation. To glean additional structural information, the
benzyl ester series (Z-28, E-28, Z-18) were crystallized and their structures were unequivocally
established by X-ray diffraction analysis (Figure 2B).2! In the starting material (Z-28), the boron atom is
conjugated to the adjacent a,B-unsaturated ester, resulting in a planar conjugated system. Following
geometric photoisomerization, the product E-28 displays a stabilizing no = ps interaction arising from
a 90° rotation of the C(sp?)-B bond.* This interaction likely accounts for the increased absorption of
the E-isomer. Finally, X-ray analysis of the [1,5]-product (Z-2, Figure 1 and Z-18, Figure 2B) illustrates
the bifurcation of the diene and the ester chromophores, with a net change in hybridization of C1 from
C(sp?) to C(sp3).

To explore the impact of isomerization on the net process, and provide support for the relevance of
geometric isomerization in expediting the [1,5]-shift, the formation of Z-2 from either the trans-isomer
Z-1 or the cis-isomer E-1 was monitored by *H NMR spectroscopy (Figure 2C). Comparable yields of Z-
2 were obtained from both Z-1 and E-1, but starting from the isomerized species significantly reduced
the reaction time to 6 h. These results indicate that geometric isomerization is beneficial for
deconjugative isomerization. The shorter reaction times associated with E-1 can be attributed to the
enhanced absorption resulting from favorable structural preorganization: this also facilitates the [1,5]-
hydrogen shift.

Establishing whether or not the [1,5]-hydrogen shift proceeded thermally?? was achieved by exposing
the conjugated dienoates to elevated temperatures (Figure 2D). Independently heating Z-1 or E-1 to
90 °C or 150°C did not yield the product Z-2: this effectively excludes a thermally induced
transformation. This suggests that the reaction proceeds photochemically, opening up the possibilities
of radical and pericyclic mechanisms.?® Interestingly, when Z-2 was subjected to elevated temperatures
(150 °C), generation of Z-1 (25%) and E-1 (67%) was observed, likely through a retro-[1,5]-hydrogen

shift (Figure 2D).
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A. Absorption Spectroscopy

B. X-ray Crystal Structure Analyses
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Figure 2. Mechanistic experiments. A. Absorption spectra of Z-1, E-1 and Z-2 (in MeCN); B. X-ray crystal
analyses of Z-28, E-28 and Z-18; C. Kinetic study of the photoreaction starting from either the trans-
isomer Z-1 or the cis-isomer E-1; D. Impact of the temperature; E. Effect of the substituents; F. Kinetic
isotope effect. Yields were determined by 'H NMR using 1,3,5-trimethoxybenzene as an internal
standard. @ Isolated yield given in parentheses after 30 h instead of 24 h.
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These findings underscore the value of photochemical activation in this context, where disruption of
the chromophore in Z-2 prevents further excitation and thus mitigates reverse reactions that
compromise efficiency. This conclusion is supported by UV absorption spectroscopy measurements as
shown in Figure 2A, and is in-line with observations reported for B-ionyl derivatives.16%°

A major driving force behind this study was to address the existing scope limitations of deconjugative
dienoate isomerization and therefore a series of molecular deletions were conducted (Figure 2E).
Initially, the BPin handle was removed to illustrate its role in the process. When starting from
compound E-29, the desired product Z-30 was obtained in only 36% yield after 24 h, highlighting its
importance. The carbonyl group proved to be crucial, such that irradiation of compound Z-31 delivered
only 10% of the target product Z-32 after 48 h. These findings underscore the importance of the
substituents in enabling the transformation and support the working hypothesis that the boron moiety
effectively emulates the effect of the gem-dimethyl group inherent to naturally occurring B-ionyl
systems, and that it clearly imparts additional physicochemical benefits for photoactivation such as
notably enhancement in absorption (see Figure 2A). To further probe the role of the no - ps
interaction, the Bpin group was replaced by a BMIDA substituent, in which the boron p-orbital is
effectively occupied in the substrate and product. Based on our previous studies on the geometric
isomerization of boryl acrylates,'>* this derivative was anticipated to be poorly or non-reactive under
the standard conditions. Nevertheless, as noted above (Figure 2), the isomerized diene product Z-27
was obtained efficiently. Importantly, however, elongated reaction times were required (30 h instead
of 16 h) further indicating the value of geometric isomerization in facilitating the [1,5]-hydrogen shift.
Finally, a kinetic isotope effect (KIE) experiment revealed that the [1,5]-hydrogen shift is not the rate-
limiting step in this photochemical cascade (Figure 2F). Whilst reaction progress monitoring has
revealed obvious differences in the reaction times between the E- and Z-starting material isomers, the
subtlety of these effects is favorable from an operational perspective and confers a high degree of

latitude.
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Figure 3. Computational investigations of the photochemical deconjugative isomerization. TD-DFT:
CAM-B3LYP / def2-TVZP, AGa0s(1,4-dioxane)/(kcal mol™): MO62X / def2-SVP / def2-TZVP.

To interrogate the possibilities of a pericyclic pathway or a radical [1,5]-hydrogen atom transfer,
computational studies were conducted (Figure 3). Initially, the geometric isomerization of Z-1 to E-1
was considered. Under the optimized reaction conditions reported in this study, both isomers are
excited to the singlet n,it* state, followed by intersystem crossing (ISC) to the triplet r,t* state. Notably,
the triplet energy of E-1-T(r,t*) was calculated to be 4.2 kcal/mol lower than that of Z-1-T(m,mt*),
indicating that the contra-thermodynamic isomerization from Z-1 to E-1 is feasible.

Upon continued irradiation, E-1-T(m,m*) is proposed to undergo a [1,5]-hydrogen migration process.
The electrophilic radical located at the B-carbonyl position facilitates an intramolecular hydrogen atom
transfer (HAT) from the methyl substituent with an activation barrier of 12.5 kcal/mol. This leads to
the formation of a biradical intermediate, which is stabilized through the a-boryl radical effect,?
providing a mechanistic rationale for the observed acceleration of positional isomerization in the
presence of the boronate group. The intermediate then proceeds through the product triplet state and
ultimately converges on the final product Z-2. Time-dependent DFT (TD-DFT) calculations revealed

that, unlike the two geometric isomers, the deconjugated product exhibits a significantly higher
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excitation energy (129.3 kcal/mol, 5.61 eV, 221 nm) due to its large HOMO-LUMO gap. This value
exceeds the emission range of the LED light source used under the standard reaction conditions, as the
absorption spectrum of the product does not overlap with the LED emission profile. Consequently, the
product cannot be re-excited and selectively accumulates among the three possible isomers,
ultimately becoming the dominant species under continuous irradiation. While these computational
studies and mechanistic investigations strongly support a photochemically driven sequential
isomerization process followed by intramolecular hydrogen atom transfer, the contribution of
alternative mechanisms, such as a pericyclic [1,5]-sigmatropic rearrangement, cannot be completely

excluded.??%23

Scheme 3. Selected derivatization reactions of Z-2.2
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COEt 41 (92%) 38, X=Cl (64%) CO,Et

a Reaction conditions: (a) Pd(dppf)Cl, (2 mol%), Na>COs (3.0 eq.), 1,4-dioxane/H,0 (5:1), 90 °C, 16 h; (b) Pd(PPhs)4 (20 mol%),
NaOMe (3.0 eq.), Toluene/MeOH (4:1), 80 °C, 24 h; (c) CuX; (2.0 eq.), THF/H,0 (1:1), 70 °C, 16 h; (d) H,0,/NaOH, THF, rt, 3 h;
(e) NaBH4 (2.5 eq.), EtOH, rt, 2.5 h, (f) KHF; (3.0 eq.), MeOH/H,0 (2:1), rt, 1 h.

Finally, to demonstrate the synthetic utility of the borylated diene products generated by this
deconjugative process, a series of derivatization reactions were explored (Scheme 3). Suzuki-Miyaura

cross-couplings were successfully performed to introduce either aryl or alkene units (34 - 36).

Halogenation of compound Z-2 proved to be facile to enable generation of the corresponding bromo-
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and chloro-derivatives 37 and 38. To our delight, oxidation of the Bpin group afforded ketone 39 in 90%
yield, in which the three short chromophores are partitioned by C(sp®) units. No observable
isomerization of the exocyclic double bond was observed rendering the approach orthogonal to
methods that lead to the generation of the a,B-unsaturated ketone.?®> Under reductive conditions, the
pharmaceutically relevant?® oxaborole scaffold 40 was isolated in 80% yield. Additionally, boronic ester

protection enabled the formation of the corresponding trifluoroborate 41.

Conclusions: The photobiology of pre-vitamin D has inspired the development of a deconjugative
isomerization of dienoates with concomitant regulation of alkene geometry. Under the auspices of
photochemical irradiation, this operationally simple protocol leverages borylated substrates in which
the traceless BPin facilitates chromophore bifurcation in the target product, thereby imparting
directionality and mitigating the generation of structural isomers. The process displays a high degree
of generality as is exemplified by a scope which includes terpene and steroid derivatives that would
otherwise require multistep syntheses to access. Mechanistic investigations and computational studies
suggested a pathway involving an initial contra-thermodynamic geometric isomerization, followed by
a radical [1,5]-hydrogen migration, and structural deletion experiments highlight the importance of the
boron and ester groups. Although the development of poly(ene) relocation strategies that approach
biological levels of precision remain a challenge goal, the ease with which photochemical activation

enable complex scaffolds to be manipulated is a compelling driver for further investigation.
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